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2ABSTRACT
Identify Common Ultrasonic Predictive Failure Signatures in Bearing Elements for the
Development of an Automated Condition Based Ultrasonic Monitoring Controller
by
Jason Eric Johnson
This thesis presents a new method for Condition Based Ultrasonic Monitoring to be applied in
conjunction with a lubrication distribution controller. As part of this thesis, algorithms were
developed using ultrasonic sensors to control the application of lubrication to machinery. The
controller sensors detect an ultrasonic signal from rolling or sliding machine elements. This
signal then alerts the controller to dispense the proper amount of lubrication when needed, as
opposed to a time schedule based on average performance or history. The work from this thesis
will be used to help reduce equipment downtime and maintenance cost when used in an
industrial environment.
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CHAPTER 1
INTRODUCTION
Lubrication serves many purposes in machine elements. Lubricants help to prevent direct
contact between rolling and sliding surfaces, retard wear, conserve energy, inhibit rust, and
reduce heat developed by friction. The importance of lubrication is universal in all machinery.
The force of friction would overcome all moving elements in machinery if it were not for the
thin film of protection offered from lubricants. Due to the vast numbers of required applications
lubricants can be found in gaseous, liquid, semi-solid, or solid forms. Because of the importance
of lubrication, the primary goal is to effectively lubricate all sliding and rolling elements with the
proper amount, of the correct lubrication, to the precise area, at the appropriate time.
The types of lubrication from ancient times to the late 19th century were mainly derived
from vegetable oils or animal fats and oils. The Egyptians used simple vegetable oils, such as
olive oil, to help overcome the effects of friction while sliding large stones into place when
building pyramids. Simple animal fats, such as tallow (mutton fat), were used by the ancient
Egyptians to lubricate the axles of chariot wheels (Bowden & Tabor, 1973, p. 9). The need for a
proper amount of lubricant was even recognized in ancient times.
The methods of delivery of the lubricants were also very primitive. Hand lubrication was
the primary method for machine components during the Industrial Revolution. It required
numerous people to complete the task of lubricating every machine that was in production. The
manual method of lubrication was not very accurate and sometimes very messy. Harmful
contaminants could also be introduced into the lubrication before it was applied to the
machinery. The time the person chose to lubricate the machine could have also been premature
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or even too late. These factors caused serious issues with machine reliability and performance
and sometimes had major economic impacts on the process.
In the early 20th century there were rapid advancements in the development of materials,
engineering, and machinery. With these advances came the need for more sophisticated
lubricants and delivery systems. Because the task of manual lubrication was sometimes very
dangerous and tedious, several individuals were inspired to devise faster and better ways to
lubricate machinery. Some of the early systems were no more than gravity fed oil/grease cups
and reservoirs. Some employed spring loaded lids that drove the lubricant into the system. These
advances did improve the quality and cleanliness of the lubricants but problems still existed.
These systems were very limited and they did not eliminate the need to employ people to
manually lubricate machinery.
Development of better lubrication came after the discovery of the process of oil
distillation in the 1850s. The by-product of these petroleum-based oils became the first modern
oils and greases. Because there are so many different forms of machinery and applications, each
may require different forms of lubrication. Lubrication applications are divided into six broad
categories: Industrial, Automotive, Marine, Railroad, Aerospace, and Nuclear (Gunther, 1971, p.
3-4). Many of the applications and practices are common between the categories; however,
deviations may be required to satisfy certain operating conditions, i.e. extreme pressures,
vacuum, radiation. Greases and oils are available in many different forms and mixtures for
applications that range from underwater to space exploration. In order to maintain uniformity in
the production of greases, companies must adhere to strict guidelines outlined by the National
Lubricating Grease Institute (NLGI) and the American Society for Testing and Materials
(ASTM). These common guidelines are very beneficial in the use of automated lubrication
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systems. Once in place, the technician can be guaranteed that the oil or grease will not become a
varying factor in the monitoring process.
Regardless of the quality of lubrication or the distribution system, friction will always be
present in a mechanical system. During operation, friction converts the supplied mechanical
energy into different forms of energy, i.e. acoustic, heat, and ultrasonic energy. The conditions
and environment in the system dictate the magnitude of each energy level’s signature. Each
signal, from the various forms of energy, is unique to its condition or state. These unique signals
form the foundation of Condition Based Monitoring (CBM). With the monitoring of these
signals, CBM becomes an effective form of predictive maintenance.
The earliest forms of CBM came from using the human senses by routinely monitoring
sounds, temperatures, and vibrations of machinery. Operators and mechanics became very intune
with the machines that were under their care. They could “sense” a problem with the machine by
evaluating operational characteristics such as oil temperature, oil color, or machine sounds.
Some learned to employ a crude vibration monitoring device by holding a screwdriver against a
bearing housing and pressing it to their ear to listen for vibrations. Using this simple device
dawned the birth of vibration analysis equipment. The problem with this form of manual
monitoring was the bias associated with each individual monitoring the machinery conditions.
The passage of time also played an important role in a person’s judgement in the repeatability of
comparing signals. A person could not accurately compare signals that had been evaluated over
days or weeks. The repeatability of evaluation was a crucial element that had to be established in
long term monitoring.
The drawbacks in manual monitoring led to advances in applying and developing more
modern technologies. The technology now allows monitoring that can be done automatically
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with the use of instrumentation to capture sound, thermal, and ultrasonic signals. With each form
of monitoring, baselines can be easily established to limit the conditions that machinery can
experience during operation. These conditions form the basis of modern CBM.
The continuing drive by companies to reduce cost and avoid downtime has lead to the
implementation of CBM methodologies on expensive and critical equipment. Modern CBM can
be an effective form of predictive maintenance. When a critical condition is identified an action
can be determined and implemented. The maintenance of the machinery can then be based on a
Just-In-Time principle rather than a reoccurring time schedule. This new method helps to avoid
the cost and downtime associated with Run-To-Failure or Scheduled Maintenance practices.
In this thesis bearing condition signals will be identified to aid in the development of a
new Condition Based Ultrasonic Monitoring tool that will work in conjunction with a
Lubrication Distribution Controller to supply lubrication on demand. Ultrasonic Monitoring was
chosen because the short wavelengths of the ultrasonic signals lend themselves well to this type
of monitoring. The longer wavelengths of audible sound focus in a region rather than at a point
(Ensminger, 1973, p. 53). The high frequency of ultrasonics, 20-100 kiloHertz (kHz) allows
exceptional accuracy when trying to pinpoint damage or failure. The surrounding housing or
lubricant can dampen vibration, heat, and visual signals. The ultrasonic wavelengths allow the
signal to propagate through materials short distances relatively unchanged. This is a major
advantage over other sources because there is no interference from ambient noise.
The research of the thesis will concentrate on the ultrasonic signals from different sized
rolling and sliding elements that are in various stages of their useful life cycles, i.e. new, mid-
life, and end-of-life. The signals will be evaluated to determine if a commonality exists between
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different groups under varying conditions. Common baselines for various conditions and failures
must be established if a standard controller and sensor are to be used for multiple applications.
Lubrication Application - The Industry Need for a Truly Automated Lubrication System
The practice of manual lubrication is not very accurate or reliable because of the methods
and tools that are currently used. Manual lubrication is often ignored or forgotten because of the
time required to lubricate numerous machines. This can become very costly due to repairs and
downtime on machines that have not been properly lubricated. A study was conducted to look at
the primary reasons bearings failed or did not reach their calculated lifecycle (Rao, 1996, p. 98-
103). It showed that 70% of bearings were either replaced prematurely or failed due to the lack
of lubrication (see Figure 1).
Figure 1. Causes why Bearings did not Reach Their Calculated Lifecycle
(modified from Rao, 1996)
There has been a tremendous push from companies to move away from manual
lubrication where applicable. Centralized and automatic lubrication systems are being
implemented as much as possible (Bailey & Aarons, 1971, p. 178). These systems are more
advanced and more reliable than manual lubrication methods. However, there are drawbacks to
automated lubrication. Centralized Lube Systems (CLS) currently rely on time based intervals to
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dispense the lubrication into the system. The time interval that is chosen may not be the correct
time the lubrication is needed. All of the lubrication could escape from the bearing and it may
run dry for an extended period of time between lubrication intervals. In addition to the time
interval, the amount chosen can be either too much or too little for the application. Over
lubrication can have just as an adverse effect on surfaces as inadequate amounts. If there is too
much grease in a bearing, it starts to churn and increases the amount of heat. The heat breaks
down the grease over time and it becomes less effective lubricating the bearing, which can lead
to an early failure. The signals from the churning grease can also be mistaken as a defect in some
monitoring applications. If there is an excessive amount of oil in a bearing, it is difficult to
dissipate the heat that is generated. The oil acts as an insulator when it completely encases the
bearing elements. This generation of heat can affect the lubricating properties and lead to early
bearing failures.
Tribology
There are numerous engineers and scientists conducting research in studies to help
minimize the effects of friction and wear that are experienced by materials during their service.
These individuals participate in an organization called the Society of Tribologists and
Lubrication Engineers (STLE). The study of Tribology is the science and technology concerned
with interacting surfaces in relative motion, including friction, lubrication, wear, and erosion
(Society of Tribologists and Lubrication Engineers, 2005). The word originates from the Greek
word “tribos” meaning rubbing (Random House, 1999). Tribology encompasses aspects of
physics, chemistry, applied mathematics, metallurgy, material science, mechanical engineering,
chemical engineering, and applied mechanics (Society of Tribologists and Lubrication
Engineers, 2005).
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CHAPTER 2
LUBRICANTS
A lubricant is defined as a substance, such as oil or grease, used for lessening friction and
wear, especially in a mechanism (Random House, 1999). The function of a lubricant is to prevent
interacting surfaces from coming in direct contact, provide an easily sheared interfacial film, and
carry away heat evolved in lubricated contacts (Quinn, 1971, p. 15). It was discovered in ancient
times that lubricants could be used to help with tasks and overcome the forces that caused
friction. In Mechanica, Heron of Alexandria stated:
They attach planed boards to the bottom, because of their smoothness,
and smear them with fat, in order to smooth out the roughness on them,
and then move the load with very little force.
Regardless of the lubricant, whether oil or grease, the most important property of any
lubricant is viscosity (Potteiger, 2005, p. 54). Viscosity is the property of a fluid that resists the
force tending to cause the fluid to flow (Random House, 1999). The viscosity of a lubricant is a
major factor in developing a film thickness between two surfaces. It determines load carrying
capacity, the ability of oil to flow, operating temperature levels, and wear rates. If the proper
separating film thickness or layer cannot be maintained, then it could result in direct contact of
the two surfaces. This, in turn, causes an increase in friction and the temperature rises. When this
happens, the viscosity of the lubricant can be affected. For example, extremely high temperatures
generated in paper machines can literally cook bearing grease, causing a loss of lubricant
viscosity resulting in metal-to-metal contact and eventually bearing seizure (Hink, 2001, par. 2).
This scenario is sometimes the case when dealing with manual lubrication and intermittent
monitoring practices. This is one of the main reasons that companies should have the ability to
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monitor systems automatically and then supply lubrication on demand instead of on a time
schedule.
Lubrication Selection
Selecting the proper lubricant is also of utmost importance. If the improper lubrication is
chosen for an application, the results of the monitoring or even the machinery could be at risk.
There are several factors that are to be taken into consideration when choosing lubrication for
machinery. The selection of a lubricant, whether grease or oil, depends on four basic conditions
(Basaraba & Archer, 1995, p. 269):
 The operating temperature range
 The load placed on the bearings, gears, etc.
 The speed of rotation
 The type of environment the machine operates in
These factors were taken into consideration when the research tests were designed to find
commonalties between the signals of the bearing elements.
The selection of the proper lubricant for a given system requirement is very important,
but it is not the only consideration. Good lubrication also involves methods of application and
care of the lubricant and the lubrication systems (Gunther, 1971, p. 5). This endorses the
fundamental idea behind a truly automated lubrication distribution controller. The system is
monitored automatically, lubrication is supplied on demand, and alarms are used to notify
operators when problems arise. The human factors are removed out of the equation, except when
they are needed for making critical decisions if a failure arises or just to reload the lubricant into
the reservoir for the system.
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Grease Lubrication
Grease is usually selected for applications in which the bearing operates under normal
speeds and temperature conditions. The film strengths of grease are particularly important in
bearings that operate under heavy load and rotate slowly (Basaraba & Archer, 1995, p. 269).
Greases are also used where the removal of heat from the system is not a typical concern or the
most important aspect of the application.
Oil Lubrication
Oil is usually preferred when the high speed of rotation or high operating temperature
makes it impossible to use grease, and when heat has to be removed from the bearing unit by the
lubricant (Basaraba & Archer, 1995, p. 269).
Bearing Re-lubrication
Manually lubricated equipment is neither reliable nor cost effective because of the
reasons stated earlier. The current methods for lubrication are not exact. There are numerous
variables that have to be taken into account when establishing the proper amounts and time
schedules of lube that needs to be applied into the system. To establish lubrication intervals and
volumes on machinery, Original Equipment Manufactures (OEM) have determined these based
on evaluations and past experiences with their machinery. Bearing manufacturers have also
developed mathematical formulas to determine the proper times and volumes to relubricate their
bearings. However, this is not a perfect world and relying on manual calculations of equations
and trial and error determinations of relubrication intervals is very risky.
With the introduction of an automated lubrication controller the formulas and the trial-
and-error exercises would no longer be necessary. When the controller determines, through
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signal level, that there is a problem with the bearing or system, it would activate the lubrication
pump. The pump would then introduce lubrication into the system. The controller continues to
monitor the health of the system as the lubrication is pumped into the bearing. As soon as the
controller determines that the ultrasonic signals from the bearing are in a safe region, it signals
the pump to shutoff and then continues to monitor. If failures are determined at a short interval
after introducing the lubrication into the system, an alarm would sound and shut down the
machine. A technician would then have to determine the appropriate course of action. With this
controller in place numerous machines can be monitored and automatically lubricated without
the added labor expenses associated with manual or semi-automatic lubrication.
Regrease Volume
Numerous bearing manufacturers observe the Regrease Volume Equation (Troyer, 2004,
p. 253) shown in Equation 1. It only looks at the outside diameter and the bearing width. There
are numerous types of bearing configurations that could seriously affect the amount of grease
that is physically possible to introduce into the housing.
Gq = 0.114DB Equation 1. Regrease Volume.
Where:
Gq = Grease quantity (ounces)
D = Bearing outside diameter (inches)
B = Total bearing width (inches); height for thrust bearings
This equation is adequate for establishing a rough estimate to the amount of grease for a
bearing. However, if the calculation is grossly off by 10% to 20%, it could have a detrimental
effect on the operation and life of the bearing. Over lubrication of a bearing element can be just
as harmful as under lubrication as previously mentioned.
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Regrease Interval
Along with the Regrease Volume Equation there is the Regrease Interval Equation
(Troyer, 2004, p. 251). Equation 2 shows the Regrease Interval Equation for bearings and all of
the data that must be considered before a relubrication point can be established. With this
formula there are numerous operational and environmental factors that are taken into
consideration (see Table 1) in addition to the bearing type, size, and operational speed. This can
become cumbersome for companies that are small and do not have the resources for calculating
and monitoring each bearing element. Also, large factories that have multiple machines with
numerous bearings do not have the time to invest in implementing this manually and updating
when factors change.
T = K * [14,000,000 / ((n * d.05) – (4d))] Equation 2. Regrease Interval
Where:
T = Time until next lubrication (hours)
K = Product of all correction factors
Ft x Fc x Fm x Fv x Fp x Fd (see Table 1)
n = Speed (rpm)
d = Bore diameter (mm)
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Table 1. Grease Interval Correction Factors (modified from Troyer, 2004)
Oil Volume
The Oil Volume Equation (NTN Technical Data Sheet, n.d., p. A-86) listed in Equation 3
is used to calculate the volume of oil needed for standard housing applications.
Q = Kq Equation 3. Bearing Oil Volume
Where:
Q = Quantity of oil for one bearing (cm3/min)
K = Allowable oil temperature rise factor (Table 2)
q = Minimum oil quantity (cm3/min)
AVERAGE CORRECTION 
CONDITION OPERATING RANGE FACTOR
Temperature Housing below 150°F 1.0
Ft 150 to 175°F 0.5
175 to 200°F 0.2
Above 200°F 0.1
Contamination Light, non-abrasive dust 1.0
Fc Heavy, non-abrasive dust 0.7
Light, abrasive dust 0.4
Heavy, abrasive dust 0.2
Moisture Humidity mostly below 80% 1.0
Fm Humidity between 80 and 90% 0.7
Occasional condensation 0.4
Occasional water on housing 0.2
Vibration Less than 0.2 ips velocity, peak 1.0
Fv 0.2 to 0.4 ips 0.6
Above 0.4 0.3
Position Horizontal bore centerline 1.0
Fp 45° bore centerline 0.5
Vertical centerline 0.3
Bearing Design Ball bearings 10.0
Fd Cylindrical and needle roller bearings 5.0
Tapered and spherical roller bearings 1.0
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In order to find the Temperature Rise Factor (K) the increase in temperature (˚C) must
first be determined. Once the temperature value is confirmed the Temperature Rise Factor can be
referenced from Table 2.
Table 2. Temperature Rise Factor K, (modified from NTN Technical Data Sheet, n.d.)
In order to find the Minimum Oil Quantity (q) the values must be determined from
Table 3. The chart starts on the left and works to the right. The type of bearing is chosen and this
becomes the start point. The dn value is then calculated by multiplying the shaft diameter by the
operating rpm. A straight line is then drawn from the start point to a point on the first vertical
line through the dn value. From this point a straight line is drawn through the load value and
extended to the second vertical line. Then the q value is finally determined when a connecting
line is drawn to the third vertical line indicating the shaft diameter. This line is then extended to
the fourth vertical line, which reveals the Basic Oil Quantity for a given bearing. This chart can
become difficult to work with because some factors may be unknown or not easily determined
from the system.
Temperature Rise
(°C) K
10 1.5
15 1
20 0.75
25 0.6
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Table 3. Oil Quantity Chart to Determine Minimum Oil Quantity Factor q,
(modified from NTN Technical Data Sheet, n.d.)
Oil Relubrication Intervals
The interval of oil change depends on operating conditions, oil quantity, and type of oil
used. In critical applications, it is advisable that the lubricating efficiency and oil deterioration be
checked at regular intervals in order to determine when the oil should be replaced (NTN
Technical Data Sheet, n.d., p. A-87). The factors for determining the oil relubrication interval
can also pose problems to companies. Most companies do not have the manpower or resources to
record and monitor all the equipment that they use in their facility. So what happens, as in most
companies, the machinery is placed on a time schedule Preventative Maintenance (PM) program
and the oil only gets changed at that interval and not when it is actually needed.
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CHAPTER 3
FRICTION
The primary function of lubrication is to prevent two interacting surfaces from direct
contact so as to retard the effects of friction. The three primary causes of frictional development
are the molecular attractions between the bodies in contact, interlocking surface asperities, and
surface waviness (Gunther, 1971, p. 6).
Regardless of how smooth a surface appears, there are always asperities or irregularities
present. When a surface is extremely rough the effects of the contact are more significant than on
smoother surfaces where the effects are minimized. The true points of contact between two
surfaces are smaller than the total surface area of the two surfaces in contact, only the high points
on the surfaces intermingle. Frank Bowden stated in a British Broadcasting Corporation (BBC)
broadcast in 1950 that:
Putting two solids together is like turning Switzerland upside down
and standing it on Austria – the area of intimate contact will be small.
Figure 2 is an enlarged side view of a metal surface detailing the appearance of surface
asperities. When the asperities of two surfaces come in contact during operation, as seen in
Figure 3, the result is a wide spectrum of acoustic, thermal, and ultrasonic energy. The level of
this energy is dependent upon the amount of contact and the physical makeup of the two
elements in contact. The pressure or load acting on them can also influence the amount of
contact between the two surfaces.
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Figure 2.  Schematic Cross Section View of a Steel Surface
Figure 3.  Contacting Surface Asperities
The degree of friction in a system can be identified by the amount of heat generated, rate
of surface wear, power required to start and maintain motion, and the ratio of power output to
power input. For example, a simple gear train that has an input of 100 horsepower (hp) and an
ASPERITIES
10   in.-5
10   in.-5
10   in.-5
10   in.-5CONTACTING SURFACES
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output of 98 hp is said to be 98% efficient. The lower resultant output is due to a loss of energy
from frictional forces. The friction has converted the input energy into heat, sound, and
vibrations. In this example it takes two percent of the energy to maintain its operation due to the
effects of friction.
For perspective, in a modern automobile 20% of the power is wasted in overcoming
friction; in a airplane piston engine 10%; and in a jet 1.5% to 2% is wasted in overcoming the
effects of friction (Bowden & Tabor, 1973, p. 3).
Surface Profiles
Figure 4 is a typical profilometer record that shows the surface contour of a piece of A2
tool steel that was machined and heat-treated. The surface contour was recorded with a Mitutoyo
Surftest-402 Profilometer. The dimensions for the piece of A2 tool steel were 4 inches wide by 6
inches long by 2 inches thick. There were 90 observations taken over the length of the part at
0.100-inch intervals. The initial surface contour of the steel was approximately 50 microinches.
Figure 4. Machined Tool Steel Surface Profile, (from data collected on April 12, 2005)
Figure 5 shows the same piece of A2 tool steel that had been ground on a surface grinder
to a surface finish of approximately 4 microinches. The two surfaces are considerably different.
Regardless of the technique or technology used in surface preparation, true flatness can never be
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-0.001
0
0.001
0.002
0.003
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obtained. The smoothest metallic surfaces obtainable have irregularities of about 0.05 to 0.1
microinches (Kragelskii, 1965, p. 1). The irregularities of the surface will always be present,
even at an atomic level.
Figure 5. Ground Tool Steel Surface Profile, (from data collected on April 15, 2005)
Types of Friction
In the majority of applications friction is considered a nuisance. There are two main types
of friction, static and kinetic friction. Static friction is the amount of resistance to motion on an
object that is static or stationary. Kinetic friction is the amount of resistance acting on moving
objects. Static friction is always greater than kinetic friction for the same object under similar
conditions. For this reason it takes less effort to keep a body in motion than it does to initiate
motion of the same body at rest (Gunther, 1971, p. 8). Kinetic friction can be further classified as
either sliding or rolling friction.
Regardless of the types of friction in a system the Law of Conservation of Energy is
always present. The Law of Conservation of Energy states that the total amount of energy in a
system is constant (Williams & Trinklein & Metcalfe, 1984, p. 12), although the forms of energy
may change they cannot be created or destroyed. This law is the basis for Condition Based
Monitoring. The forms of energy that are created can be used to evaluate the health or condition
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of a system. Failures possess certain tale-tale signatures with each impending failure. The key is
to capture the correct signal in the proper manner to evaluate the system.
Studies estimate that as much as one third of all usable, device-produced energy is lost to
friction and wear. Reactive maintenance costs three times that of planned maintenance, costing
industry and consumers billions each year. In addition to energy waste, friction and wear greatly
affect product reliability, maintainability, safety, service, life, and environmental factors (Society
of Tribologists and Lubrication Engineers, 2005).
Sliding Friction
Sliding friction is the force that resists the relative motion between sliding solid bodies
with opposing surfaces (Gunther, 1971, p. 7). Examples of sliding friction in machinery can with
plain bearings, guides, ways, and gears.
Friction will reach its highest magnitude under dry or non-lubricated conditions.
This is the reason that lubrication is so important because the surfaces are at their maximum area
of contact during sliding. Running without lubrication causes the surface asperities to touch and
conflict with each other. The surface with the hardest material shears the projections from the
softer material. As the pressure increases between the two surfaces the shearing action increases.
When the pressure becomes high enough local temperatures can become elevated to the point of
softening the metal. This softening can cause welding or bonding of the two surfaces. Premature
failure or a seizure will occur in machinery if this is permitted to continue during the operation.
Rolling Friction
Rolling friction is the force that resists relative motion between two solid bodies when
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one or both roll over the surface of the other (Gunther, 1971, p. 7). In bearings a ball establishes
a point of contact with the bearing surface and a roller establishes a line of contact. Under pure
rolling conditions friction would not exist because a point or line has no area. However, this is
not the case in real world applications. Figure 6 shows how the load endured by bearings
typically flattens the ball or roller and indents the bearing surface (Gunther, 1971, p. 12).
Figure 6. Theoretical and Actual Surface Contact of Ball and Roller,
(modified from Gunther, 1971)
Even though an area of contact is generated, rolling friction is much more desirable than
sliding friction. Because of this the primary designs for bearings employs either a ball or roller to
overcome the effects of friction. The balls and races of bearing elements are typically made from
hardened steel to resist the effects of deformation while enduring a load.
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CHAPTER 4
WEAR
Wear is the dissipation of material at the contact area of the two surfaces whereas friction
is the dissipation of energy where two surfaces meet. Surface wear is the transformation of
matter by damage, eroding or consumption by long or hard use, abrasion, attrition, or exposure
(Random House, 1999). For purposes of this thesis only destructive wear will be investigated.
However, wear can serve useful purposes in everyday life such as etching, milling, and grinding.
The interaction and shearing of the surface asperities that causes friction between two
surfaces also causes their wear. Wear changes the material in form but not in state. The fines, or
debris, resulting from wear are the same as the parent material. These fines, if left unchecked,
can become the major cause of failure in a system. These fines become dislodged from the
surface and are re-deposited at other locations in the system. This can cause increases in friction
and also promote additional wear because of clearances between the mating surfaces. These fines
become useless and are considered a contaminant in the lubrication.
Mechanisms of Wear
The relative motion of two surfaces in physical contact causes wear. The lubrication must
be used to maintain a separation of the wear-potential surfaces and prevent the development of
friction. This can cause premature failure and end the service life of the parts that are touching.
Wear must, therefore, be considered a complex process as evident by the various
mechanisms that cause it, any combination of which may be exerted simultaneously (Gunther,
1971, p. 22). The numerous mechanisms of wear, as illustrated in Table 4, will be included in the
future research related to this thesis. Not only is it important to identify impending failures with
CBM, it is also very helpful to correlate each signature with the failures of the bearings. When
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looking at the frequency content of the signal, it can be associated with surface brinelling,
spalling, galling, etc.
Table 4. Mechanisms of Wear, (modified from Stokes, 2004)
Types of Wear Mechanisms of Wear
Abrasion Low Stress
High Stress
Gouging
Polishing
Erosion Soldi & Fluid
Impingement
Cavitation
Slurry Erosion
Adhesion Fretting
Adhesive
Seizure
Galling
Oxidative
Surface Fatigue Pitting
Spalling
Impact
Brinelling
Corrosion Cracks
Abrasion
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CHAPTER 5
MONITORING METHODS
Currently there are several different monitoring methods available that can be used to
identify failure signatures in bearing elements. These methods include, but are not limited to,
Infrared Thermography, Fluid Analysis and Tribology, Vibration Monitoring, and Ultrasonic
Monitoring (Dunn, 2005, par. 4). The major advantage in using a monitoring system is the ability
to check the health of the system during operation. The ability to detect impending failures
allows for the development and initiation of contingency plans before any major machine
downtime is experienced.
When this thesis was conceived, the background on the need for new and better
lubrication distribution system was well known. The hurdles were identifying a way to survey or
monitor a system with a common sensor and linking those signals into a common controller. The
problems that developed were linked to the numerous factors that contribute to the problems, i.e.
different lubricants, conditions of machinery and bearings, different sizes and types of bearing
elements, and human subjectivity and skill level factors. The goal was to determine a way to
monitor the system that would nullify most of the variability and outside influences and just
examine the key interactions of the internal machine elements. Each of the different monitoring
methods had its advantages and disadvantages in being effective. The key to the development of
a truly automated lubrication system was identifying the monitoring method that was the most
reliable, flexible, cost efficient, and user friendly.
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Infrared Thermography
Infrared (IR) Thermography is the temperature profiling of a surface or point. The
principle underlying this technique is that every object emits a certain amount of IR energy and
the intensity of this IR radiation is a function of temperature. In an electromagnetic spectrum the
IR region appears between 0.8 micron to 1000 micron wavelengths (see Figure 7). The
temperature of the object can be attributed to its wellness at that precise moment. The IR
Thermography technique is primarily concerned with excessive temperature changes to indicate
if there is a process problem with the machinery or if there is an imminent failure pending. This
can be beneficial in extreme circumstances and where high speeds and loads are being used.
Figure 7. Infrared (IR) in the Electromagnetic Spectrum
However, in low speed applications it is often difficult to get a good response to any
problems that may be occurring with the rolling elements because there is not a significant
temperature change due to the slow speeds.
A major drawback to using IR Thermography is the cost of the systems. They are very
expensive and cannot be used in every situation. The cost for a mid-range system can range
between $12,000 to $19,000 (Mikron Infrared, Inc., 2005, p. 19). To be cost effective, most
companies purchase one portable IR Thermography unit. However, it may not be used in every
situation because of hard to reach bearing locations in machinery. Also, using a portable unit
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instead of a dedicated unit means each bearing element cannot be monitored full time. So there is
a possibility of the bearing becoming damaged between monitoring sessions.
Another drawback is that by the time the bearing elements are hot enough to show
significant temperature variations it is usually too late. There is some advanced warning with IR
but not enough to make major contingency plans.
Also, with IR it is very difficult to identify the root cause of a bearing failure or potential
bearing failure. The only signature that is given is the bearing is getting hotter than the baseline
reading. It also takes an experienced technician to diagnose a potential problem and make
recommendations on how to fix the situation.
Fluid Analysis
Fluid Analysis involves the study of lubricating oils, greases, hydraulic fluids, fuels,
coolants, and flushing fluids (Basaraba & Archer, 1995, p. 25). There are two main types of
Fluid Analysis used to evaluate the contamination. The first technique used is Spectroscopy. It
involves burning the fluid sample to determine the quantity of metal particles in a given sample
size. The second popular method is the use of Ferrography. It is a technique to determine how
the contaminant was generated, i.e. sliding wear, corrosion, galling, etc (Basaraba & Archer,
p. 26).
Both of these methods are very effective in determining wear and the causes in a system.
However, these tests are not always instant feedback to the technician evaluating the equipment.
The equipment used to conduct the analysis is specialized and very expensive. Most companies
will not dedicate large amounts of capital into machinery of this nature. It also requires highly
skilled personnel to conduct the tests and perform the evaluations.
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Regardless of the Fluid Analysis method used, the underlying problem is the lubricant
being evaluated can circulate through many locations on a machine. Wear can be detected with
the analysis but it can sometimes be difficult to focus on the troubled area(s). Multiple
observation points have to be installed and monitored in order to get a true representation of the
areas that are experiencing wear.
There are companies in the marketplace that conducts independent analysis of the
lubricating fluid from machinery at reasonable prices. Outsourcing the analysis poses the
problem of not having instant feedback and could cause delays. In fact, the test results could be
delayed days or even weeks depending on the workload of the laboratory. This in turn could
affect the uptime of the machinery in question.
Vibration Monitoring and Analysis
Vibration analysis is the most commonly employed technology used as a condition
monitoring technique (Perspective CMMS, par. 5). Vibration analysis is defined as the process of
monitoring the condition of equipment and the diagnosis of faults in equipment through the
measurement and analysis of vibration within that equipment. The analysis is typically
conducted through hand-held or permanently positioned accelerometers placed on key
measurement points on the equipment. It is commonly used on most large items of rotating
equipment, such as turbines, centrifugal pumps, motors, gearboxes, etc. (Dunn, 2000).
Ultrasonic Monitoring
Ultrasound is simply sound waves at higher frequencies, typically above 20 kHz, the
upper threshold of human hearing. In industrial applications ultrasonic monitoring is concerned
36
with the frequency range from 20 kHz to 100 kHz. For comparison, ultrasound used in medical
diagnostic applications uses frequencies in the range from 1,000 kHz to 5,000 kHz.
One of the most important reasons to use ultrasonic sound as a monitoring method is the
natural characteristics of the high frequency signals to become very directive. The high
frequency of ultrasonics results in very short wavelengths. In comparison, a low frequency sound
requires less acoustical energy than a high frequency sound to travel the same distance as shown
in Figure 8. The wavelengths of low frequency audible signal typically range from 1.9
centimeters (cm) to 17 meters (m) long. The wavelengths of high frequency signals range from
0.3 cm to 1.6 cm long.
Figure 8. High and Low Frequency Wavelengths
As the frequency of the wavelength increases, the energy increases and the ultrasound
becomes more directive (Andrews, 1961, p. 24). This is extremely useful when trying to pinpoint
a failure in a bearing or housing. In a ball bearing study conducted by National Aeronautics and
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Space Administration (NASA) it was found that amplitude changes in frequencies, ranging from
24 to 50 kHz, indicated an impending failure. This was far earlier than any changes in heat or
vibration. As the ball bearings would come into contact with a surface defect, regardless of how
minor, the impact would increase the amplitude of the ultrasonic frequency that was being
monitored. The ability to detect these subtle changes is the key ingredient to making an on-
demand lubrication system successful.
The directivity of the high frequency sound waves is the primary reason that ultrasonics
was chosen as the monitoring method for this research. Other advantages of the ultrasonic
monitoring method are they are non-intrusive to the system, very accurate, reliable, provide
immediate feedback, and require no machine downtime to conduct evaluations of the machinery.
The systems are also extremely cost competitive.
Ultrasonic Signals
The piezoelectric sensor that was chosen for this research generates two primary signals
that can be used in evaluations. The first was the 4 to 20 milliAmp (mA) output signal. The
manufacturer recommended that this output data be used to determine when to take corrective
action. If there is a large difference in the baseline output and you have a significant spike or
elevated output in the signal, some action must be taken.
The second signal was the frequency content that was the result of the heterodyned
(translated) audio signal. This signal is used to determine the specific problem. This signal must
be processed through a Fast Fourier Transform (FFT) in order to identify the faulty component.
The 4 to 20 mA output was the signal that was chosen to use for the purposes of this
research. For the purposes of the controller the only factor that was relevant was the difference in
the signal. If the signal intensity grows larger and larger until the upper threshold is
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compromised then the action is for the controller to turn the lubrication pump on and supply
lubricant to the area in question. When the controller is developed there will be outputs where
the frequency content can be used for analysis. If a problem reoccurs, the frequency data can be
used to identify the problem.
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CHAPTER 6
SYSTEM DEVELOPMENT
Before the controller could be properly specified and constructed, certain signal
commonalties had to be identified and established between different forms of bearing elements.
If a small bearing exhibited different signal qualities from a large bearing under the same
conditions or the signals were not in the same frequency range, the project was at risk.
Complexity issues would have risen that would have made it difficult for one common controller
to service multiple types and sizes of bearings that were being used with different lubricants.
For the purposes of the research the following hypothesis was presented:
HO There was no difference in the ultrasonic signatures between the multiple
sizes and types of bearings during operation under the varying conditions.
HA There were differences in the ultrasonic signatures between sizes,
conditions or lubricants.
In order for the research to be successful a strong correlation must exist between the
different types of bearings, their sizes, and the types of media and lubrication that are used
during processing.
Test Method Defined
Due to design and material properties, bearing elements can withstand thousands of
cycles or even years of service. In order to test the bearings through their entire life cycle,
artificial elements had to be introduced to simulate the effects of time and wear. The tests were
designed to take elements of lube loss and wear into consideration by artificial methods. This
method was not an exact representation of natural lubricant loss in machine elements but served
as a close approximation for the purposes of testing.
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Scope
Each test specimen was subjected to varying controlled conditions in order to measure
the milliAmp output from the piezoelectric sensor. This output was used to correlate the signals
with the varying condition(s) that the bearing were subjected.
Test Subjects - Bearings
The following bearings were designated as Test Subjects for the evaluations.
 Timken 2” I.D. Tapered Roller Bearings
Test Subject 1 – Oil
Test Subject 2 – Grease
 Timken 4” I.D. Tapered Roller Bearings
Test Subject 3 – Oil
Test Subject 4 – Grease
 SKF 20mm I.D. Plain Ball Bearings
Test Subject 5 – Oil
Test Subject 6 – Grease
 SKF 25mm I.D. Plain Ball Bearings
Test Subject 7 – Oil
Test Subject 8 – Grease
 NTN 2.5” I.D. Precision Angular Contact Bearings
Test Subject 9 – Oil
Test Subject 10 – Grease
Operating Test Conditions
Each bearing set was subjected to the following Operating conditions during testing:
 Lubricated
 Lubricated to Non-lubricated
 Partially Lubricated* to Non-lubricated to Lubricated
*Partially Lubricated was defined as a very light film of lubrication that
was applied to the inner bearing race. This film helped overcome the
effects of startup friction and to simulate the effects of bearing operation
just before total loss of lubrication.
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To achieve the effects of going from a lubricated to non-lubricated condition, Methyl
Ethyl Ketone (MEK) solvent was introduced into the bearing housing to dissolve and breakdown
the oil or grease to remove it from the bearing contact area.
Environmental Test Conditions
During the tests each bearing set was subjected to different environmental conditions.
The first was controlled Laboratory conditions. The second battery of tests included Test Stand 2
to be placed in a Factory condition and ran through the same series of conditions.
Laboratory Test Conditions
Temperature (Controlled) 68ºF to 72ºF
Ambient Sound Level 55 dB
Isolated from outside machine vibrations
Factory Test Conditions
Test Stand 2 Test Subjects were subjected to Factory conditions to evaluate outside
influences of noise and vibrations. Only the lubricated condition was tested in order to evaluate
the baseline signal conditions. Test Stand 2 was placed 12 inches from an acoustically loud
machine during operation. The audible ambient decibel level reached 90 dB during testing. There
was no outside influence from vibrations or machine contact. Test Stand 2 was then placed in
physical contact with a machine that exhibited excessive vibrations and noises. The ambient
decibel level of the area was 85 dB during testing.
Test Equipment Specifications
The following equipment was used to capture data for each test on each Test Stand.
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Raytek Raynger ST Non-Contact Thermometer
Used to check the bearing surface temperature.
Piezoelectric Transducer Specifications
Method of Attachment #10-32 stud
Cable RF Shielded 10’ (3m)
Ambient Temperature Range 32° - 122°F (0°-50°C)
Detection Frequency 40 kHz (± 2 kHz)
Housing Meets NEMA 4X requirements.
Loop Powered Current Output
Power Supply 18-30 V (30 mA max) 18-30 V
Current Draw 4-20 mA (25 mA max) 30 mA max
proportional to ultrasound
signal detected 
Output Demodulated/heterodyned 4-20 mA proportional to
ultrasound signal detected
Realistic Sound Level Meter
Used to test the ambient dB levels of the surrounding test area(s).
Microphone type Electric Condenser
Range 50 – 126 dB
Accuracy ± 2 dB @ 114 dB
Reference 0 dB = 0.0002 MicroBar
Weighting  A and C
Signal output 1 Volt (peak-peak min)
Impedance 10 kOhms (min. load)
Distortion Less than 2% at 1 kHz.
Power 9 Volts battery
Size (H x W x D) 6” x 2” x 2” (159 x 64 x 44 mm)
Weight 5.8 oz (165 grams)
Test Lubrication
With each bearing set, one bearing was tested with oil and the other bearing with grease.
The tests were conducted in this manner to correlate the effects of different lubrication to the
ultrasonic signals of the same conditions.
 Shell 10W Oil
 Shell N.L.G.I. #2 Lithium Based Grease
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Test Apparatus
To meet the test requirements three separate test stands were constructed to accommodate
the different bearing test subjects. Different operating speeds and material were chosen in order
to evaluate the effects of these conditions on the ultrasonic signal.
Test Stand 1
Test Stand 1 (Figure 9) was used for Test Subjects 1, 2, 3, and 4. The frame, drive shaft,
and bearing housing were constructed from 1018 cold rolled steel. A 5 horsepower Baldor motor
with a mounted 8 inch 48 tooth drive pulley was employed to drive the shaft. The motor was
rated at 3,450 RPM. The shaft had a 6 inch 32 tooth mounted driven pulley that resulted in a
shaft speed of 5,175 RPM.
Figure 9. Test Stand 1
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The sensor was mounted on the bearing housing at 90˚ to the shaft axis of rotation and was
directly over the center of the bearing cup (Figure 10).
Figure 10. Sensor Location on Test Stand 1
Test Stand 2
Test Stand 2 (Figure 11) was used for Test Subjects 5, 6, 7, and 8. The base plate and
bearing housing were constructed from 6061 aluminum. Aluminum was chosen in order to
evaluate the ultrasonic signals through a different medium to determine if the signal strength or
quality changed.
A ¼ horsepower General Electric motor with a mounted Ø4.710 inch drive pulley was
employed to drive the shaft. The motor was rated at 1,750 RPM. The shaft had a Ø.853 inch
driven pulley that resulted in a shaft speed of 9,525 RPM. The sensor was mounted on the
bearing housing at 90˚ to the shaft axis of rotation and was directly over the center of the
bearing.
An additional station with a Ø4.0 inch fan was used to monitor load on the bearings, Test
Subjects 7 and 8 (Figure 12). The sensor was also mounted on the bearing housing at 90˚ to the
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shaft axis of rotation and was directly over the center of the bearing cup. The housing was also
be constructed from 6061 aluminum.
Figure 11. Test Stand 2
Figure 12. Test Stand 2 Load Station with Sensor Location
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Figure 13 shows Test Stand 2 in the Factory Condition, Location 1. Figure 14 shows Test
Stand 2 in the Factory Condition, Location 2.
Figure 13. Test Stand 2 in Factory Condition, Location 1
Figure 14. Test Stand 2 in Factory Condition, Location 2
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Test Stand 3
Test Stand 3 (Figure 15) was used for Test Subjects 9 and 10. The frame, drive shaft, and
bearing housing were constructed from 1018 cold rolled steel. A 5 horsepower Baldor motor
with a mounted 8 inch 48 tooth drive pulley was employed to drive the shaft. The motor was
rated at 3,450 RPM. The shaft had 6 inch 32 tooth mounted driven pulley that resulted in a shaft
speed of 5,175 RPM.
The sensor was mounted on the bearing housing at 90˚ to the shaft axis of rotation and
was directly over the center of the bearing.
Figure 15. Test Stand 3
Test Schedule
The Test Schedule listed in Table 5 was the format for conducting the ultrasonic test on
the bearing subjects. There were two test subjects of each bearing type and size. They were each
monitored for effects with both oil and grease lubrication under the different operating
conditions.
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Table 5. Ultrasonic Monitoring Test Schedule
Test Duration
The duration of each test sequence were as follows:
 Lubricated
4 minutes
 Lubricated to Non-Lubricated
4 minutes Lubricated
M.E.K. introduced into bearing to remove lubricant
2 minutes Non-Lubricated
 Partially Lubricated to Non-Lubricated to Lubricated
4 minutes partially lubricated
M.E.K. introduced into bearing to remove lubricant
2 minutes non-lubricated
4 minutes lubricated
Operational Test Procedures
The following Test Procedures were observed to setup the test for each Operational Test
Condition.
PARTIALLY LUBRICATED TO 
TEST LUBRICATION LUBRICATED TO NON-LUBRICATED TO
SUBJECT TYPE LUBRICATED NON-LUBRICATED LUBRICATED 
1 OIL TEST 1 TEST 3 TEST 5
2 GREASE TEST 2 TEST 4 TEST 6
3 OIL TEST 7 TEST 9 TEST 11
4 GREASE TEST 8 TEST 10 TEST 12
5 OIL TEST 13 TEST 15 TEST 17
6 GREASE TEST 14 TEST 16 TEST 18
7 OIL TEST 19 TEST 21 TEST 23
8 GREASE TEST 20 TEST 22 TEST 24
9 OIL TEST 25 TEST 27 TEST 29
10 GREASE TEST 26 TEST 28 TEST 30
TEST SEQUENCE
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 Pre-Start Procedure
1. Lock Out main drive motor
2. Mount and align bearings and shafts according to manufacturer’s
recommendations
3. Mount and align drive pulleys on shafts
4. Install drive belts
5. Mount sensor to appropriate station and location
6. Mount lubrication lines
7. Remove tools from Test Stand*
8. Remove Lock Out from main drive motor
9. Follow Operational Procedures for the appropriate Test Condition
*Note: Insure that all tools are removed from the test stand(s). Any excessive
vibrations from loose objects could affect the test results.
Lubricated Condition
1. Add the appropriate amount of lubricant (either oil or grease depending on test) to
the bearing housing per the manufacturer’s recommendations.
2. Hookup power supply to the sensor.
3. Insure the sensor is receiving and sending signal to computer.
4. Start Test Stand motor.
5. Start recording data immediately after starting motor.
6. Run the test per the Test Duration times for Lubricated condition.
Lubricated to Non-Lubricated Condition
1. Add the appropriate amount of lubricant (either oil or grease depending on test) to
the bearing housing per the manufacturer’s recommendations
2. Hookup power supply to the sensor.
3. Insure the sensor is receiving and sending signal to computer.
4. Start Test Stand motor.
5. Start recording data immediately after starting motor.
6. At specified time, per Test Duration times, introduce M.E.K. solvent into bearing
to wash away lubricant.
7. Continue test per the Test Duration times.
Partially Lubricated to Non-Lubricated to Lubricated Condition
1. Add the appropriate amount of lubricant (either oil or grease depending on test) to
the bearing housing per guidelines specified for a partially lubricated bearing
surface.
2. Hookup power supply to the sensor.
3. Insure the sensor is receiving and sending signal to computer.
4. Start Test Stand motor.
5. Start recording data immediately after starting motor.
6. At specified time, per Test Duration times, introduce M.E.K. solvent into bearing
to wash away lubricant.
7. At specified time (per Test Duration times), introduce the proper lubricant and
amount into the bearing.
8. Continue test per the Test Duration times.
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CHAPTER 7
TEST RESULTS
Each Test Specimen was subjected to various test conditions to analyze the differences in
the ultrasonic signal outputs and quality. The data were compiled and evaluated to determine if
common signals existed between different bearings in different operating conditions.
Lubricated Condition Comparative Analysis
The first analysis of the data was to compare the readings of each bearing element in the
lubricated condition. This was considered the optimum operating condition for the bearing
elements and would be the established baseline in which all signals would be measured.
When the data were compiled, a Box Plot (see Figure 16) was constructed to evaluate the
interactions of each Test Subject data group. The Box Plot was used because it was a quick way
to evaluate the interactions of the entire data set. The box, on the plot, is divided into 2 regions
called quartiles with the median of the data in the center. This box represents 50% of the data
from each individual observation. So by including each lubricated data set in the plot it was easy
to observe the similarities in the data.
The tail coming from each box is called a whisker. Data that fall in this range are less
than 1.5 times the amount of the difference of the upper and lower quartiles in the box. The range
difference between the upper and lower quartiles is called the Inner Quartile Range. The outliers,
or the data points that were 1.5 times greater distance from the Inner Quartile Range, were noted
as asterisks.
The data outliers shown in Figure 16 were primarily generated during the start of each
test, (reference the test data located in Appendix A for graphs). The effects of startup friction
could have caused the increase in the lubricated signal output. The discovery of this event will be
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useful in future studies to relate start up friction and premature wear on bearing elements. It will
also be useful in the development of the lubrication controller. The programming will have to
take this occurrence into consideration when monitoring the bearings during stops and restarts.
Figure 16. Box Plot of Lubricated Test Subjects
From the Box Plot it was obvious that there were differences in the outputs of the Test
Subjects. However, the plot did show that for each lubricant, the signal output level remained
reasonably constant between each Test Subject group. See Table 6 for the mean and standard
deviation values for each Test Subject in the Lubricated condition.
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The largest notable difference in the Box Plot is that between Test Subjects 5-6 and Test
Subjects 3-4. The smallest outputs were observed with Test Subjects 5-6, which were the
smallest elements. Test Subjects 3-4 were the largest to be studied. Also, Test Subjects 5-6 were
plain ball bearings with a minimal point contact, as discussed earlier in the Rolling Friction
section, on the inner bearing races. Test Subjects 3-4 were of a totally different configuration.
They were larger in size and had tapered roller bearings with a greater area of line contact. The
minimal differences in the data were encouraging because it showed the bearing configuration
was a minimal factor in contributing to the output signal.
Table 6. Lubricated Test Subjects - Mean and Standard Deviation Results
The means of the test data were very similar. Also, the standard deviations of the test data
were very small and showed that there was not a substantial amount of variation in the signals.
See Figure 17 for a graphical representation of the means and see Figure 18 for a graphical
representation of the standard deviations.
Mean Standard Standard
Test Subject Test Stand (mA) Error of the Mean Deviation
1 1 9.13 0.0107 0.2341
2 1 8.81 0.0047 0.1041
3 1 9.91 0.0042 0.0920
4 1 9.72 0.0046 0.1015
5 2 7.22 0.0053 0.1173
6 2 7.01 0.0031 0.0685
7 2 8.51 0.0033 0.0732
8 2 8.43 0.0029 0.0646
9 3 8.89 0.0047 0.1020
10 3 9.23 0.0035 0.0773
5 2 - Loc 1* 8.01 0.0091 0.1993
5 2 - Loc 2* 7.92 0.0094 0.2054
* "Factory" Test Conditions
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Figure 17. Output Means for Tests conducted in Oil and Grease
Figure 18. Output Standard Deviations for Tests Conducted in Oil and Grease
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Factory Conditions Test Results
The Factory Test Conditions were also included with the Laboratory Test Results data.
Test Subject 5 was tested in Test 13 under Laboratory conditions. It was then tested under
Factory conditions in Test 31, near an acoustically loud machine. It was further tested under
Factory conditions in Test 32, in physical contact with an acoustically loud and vibrating
machine. A Box Plot (see Figure 19) was generated from the test data listed in Appendix B. The
results showed that there were small differences in the lubricated signal output means and
standard deviations in the Factory Conditions. The test data from the Factory Test Conditions
were approximately the same as the Laboratory Test conditions. From the Box Plot in Figure 19
and the statistical data listed in Table 6 for the means and standard deviations, it was concluded
that the effects of outside noises in the factory environment could have slightly influenced the
higher readings. The vibration variable was not experienced at both Test Locations and did not
seem to contribute to the differences.
Figure 19. Box Plot Comparison of Environmental Test Conditions Lubricated Outputs
Laboratory Factory Loc 1 Factory Loc 2
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Because the lubricated condition is the optimum operating condition, the differences are
substantial but they did not exceed the 12 mA output level. This level would be 50% of the
sensor’s 4 to 20 mA range. This value was significant because if the average lubricated level
would have been in the sensor’s upper range, it could have posed problems in detecting failures.
Each data point for both the oil and grease tests was graphed in a Collective Comparison
Marginal Plot. This plot is a scatter plot with histogram graphs in the margins of the x and y-axes
that show the distribution of the points in each direction. Within the scatter diagram of the
Collective Comparison Marginal Plot (see Figure 20) the 5 subgroups are very distinct. This
grouping on the scatter plot shows that the data points of each lubricated condition fall in line
with their respected subgroup. This graph showed that there were minimal differences in the
signals from the individual Test Subjects regardless of the lubricant.
Figure 20. Collective Comparison Marginal Plot of Lubricated Data Points
6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0 10.5
7
8
9
10
11
O
u
tp
u
t (m
A)
 
O
il
Output (mA) Grease
476
982
876
71
198
283
0
406
537 508 471
2
Marginal Plot
Oil vs Grease
8.6409 avg
8.7321 avg
Test Subjects 5 & 6
Test Subjects 3 & 4
Test Subjects 1 & 2
Test Subjects 9 & 10
Test Subjects 7 & 8
Outlier data points
from startup friction
56
Correlation of Lubricated Conditions
A correlation test was conducted to make sure that the two groups of data were in fact
associative or related. The correlation for the two subgroups of Lubricated conditions (oil and
grease) was calculated in Excel with the Correlation Statistical Function (Correl). The correlation
measured the degree of linear relationship between the two variables. The resultant Pearson
Correlation Coefficient was 0.9535 between the oil and grease conditions. The values of the
correlation test run between +1 and –1. Because the correlation coefficient value was 0.9535 this
indicated that there was a strong positive linear association between the observed outputs of the
two conditions.
Unlubricated Conditions of Test Subjects
As with the lubricated baseline test signals, a common baseline signal for the
Unlubricated condition had to be identified as well. In the second phase of Operating Test
Conditions the Test Subjects were taken from a Lubricated condition and then to an Unlubricated
condition. The tests were started with the proper amount of lubricant in the bearings and then
cycled for 4 minutes. M.E.K. was then introduced to wash away the lubricant from the bearing so
the Unlubricated condition could be studied. With this method it was considerably faster than
normal loss of lubrication that is sometimes experienced in machinery.
Some problems were created using this method of lubricant removal. As the solvent was
introduced, it was not immediately dispersed or evacuated from the bearing. The combination of
solvent and lubricant remained in the bearing, as did their lubricating properties. When the data
were graphed there were random variations in the transition from lubricated to unlubricated (see
the transition area listed in Figure 21). It was difficult to ascertain information for the
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unlubricated baseline readings. To overcome this obstacle, the data were evaluated at 25 seconds
(265 seconds from start of test) after the introduction of the M.E.K. solvent.
Figure 21. Transition from Lubricated to Unlubricated
The data were then compiled and recorded in Table 7. The data were divided between the
lubricated and unlubricated readings. In order to overcome the transition area problems between
the two conditions the lubricated data was evaluated from 0.0 seconds to 220 seconds. At 240
seconds the M.E.K. solvent was introduced in all the tests. In the graphical analysis of the data it
was concluded that it took approximately 15 to 25 seconds for the M.E.K. to disperse the oil
from the bearing elements and get to an Unlubricated condition. So to get by this transition
period the unlubricated data were compiled between 265 seconds to 360 seconds.
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Table 7. Lubricated to Unlubricated Test Subjects - Mean and Standard Deviation Results
After the data were compiled from the data listed in Appendix C, a Box Plot (see Figure
22) was constructed to evaluate the interactions of each Test Subject data group in the
Unlubricated condition. The groupings of the test data for the Test Subject subgroups were
similar in nature to those of the Lubricated condition Test Subjects.
Figure 22. Box Plot of Unlubricated Test Subjects
Test Test Mean Standard Standard Mean Standard Standard
Subject Stand (mA) Error of the Mean Deviation (mA) Error of the Mean Deviation
1 1 9.11 0.0142 0.2973 16.26 0.0357 0.4935
2 1 8.97 0.0172 0.3604 16.30 0.0468 0.6473
3 1 9.70 0.0200 0.4192 17.44 0.0645 0.8914
4 1 9.76 0.0145 0.3055 16.89 0.0454 0.6275
5 2 8.01 0.0186 0.3908 14.35 0.0476 0.6577
6 2 7.30 0.0177 0.3717 13.83 0.0365 0.5044
7 2 7.99 0.0215 0.4518 14.48 0.0466 0.6435
8 2 8.10 0.0216 0.4527 13.96 0.0518 0.7160
9 3 9.13 0.0226 0.4741 15.64 0.0518 0.7162
10 3 8.84 0.0139 0.2924 14.85 0.0631 0.8721
Lubricated Unlubricated
10987654321
20
19
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17
16
15
14
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12
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The tests for Subjects 1, 3, 5, 7, and 9 were started in oil.
UNLUBRICATED CONDITION
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The Box Plot for the Unlubricated data was considerably different from the Lubricated
data. The differences were not only recognized in the higher output level but also the spread of
the data. The larger boxes were a quick visual indication that the differences were larger than
compared to those of the lubricated condition. Also, the standard deviations of the data were
considerably higher than those of the lubricated condition (see Table 7). The Unlubricated levels
of each of the Test Subjects were also higher than the 12 mA level that was discussed earlier.
With this observation it was discovered that there were considerable differences in the
Lubricated and Unlubricated outputs.
Figure 23 shows the comparisons between the means of the Unlubricated Test Subjects
and Figure 24 shows the comparisons between the standard deviations.
Figure 23. Output Means for Unlubricated Tests
Unlubricated Condition - Output Means
0.00
2.00
4.00
6.00
8.00
10.00
12.00
14.00
16.00
18.00
20.00
1 2 3 4 5 6 7 8 9 10
Test Subject
O
u
tp
u
t (
m
A)
Mean  (mA)
60
Figure 24. Output Standard Deviations for Unlubricated Tests
The considerable amount of variation that was observed between the standard deviations
was to be expected because of the high ultrasonic outputs that resulted from the extreme surface
contacts. A Marginal Plot was also produced that from the compiled data of both the oil and
grease conditions after they went to the Unlubricated condition (see Figure 25). The scatter plot
for this condition did not show the same grouping that was found on the Lubricated condition
plot. It shows there were considerable variations in the Unlubricated outputs.
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Figure 25. Collective Comparison Marginal Plot of Unlubricated Data Points
After evaluating the Unlubricated test data, a failure baseline was identified and
established from the means of the combined data. An Unlubricated condition is the ultimate
cause for failures in a bearing element. Regardless of the load, bearing material, or speed, if a
bearing remains unlubricated it will begin to wear and then potentially seize. This Unlubricated
baseline level is also important to know for the future development of the lubrication distribution
controller. With the Lubricated condition analysis, an optimum baseline level was identified and
established. With this analysis an Unlubricated baseline, or imminent failure level, was
established. The level between the optimum and the imminent failure level can be considered the
intermediate or caution zone for bearings during service. The 50% level of this zone will become
the activation or trigger level for the lubrication distribution controller.
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CHAPTER 8
FUTURE STUDIES
After the development of the prototype controller, additional studies will be conducted to
improve and refine the manner in which a bearing’s health is monitored and corrected. Areas that
will be studied will include Contaminants, Variable Bearing Loading, Different Lubricants,
Wave Propagation in materials (i.e. Rayleigh Waves, Longitudinal Waves, Transverse Waves,
and Lamb Waves), Signal Attenuation, and incorporating multiple Monitoring Methods with the
new Ultrasonic CBM Controller.
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CHAPTER 9
CONCLUSIONS
From the test data collected and analyzed, the null hypothesis (HO) cannot be rejected.
The analysis showed that the differences in the ultrasonic signals, under the varying lubricated
conditions, remained approximately the same for each Test Subject.
However, the tests did show that there were significant differences in the lubricated and
unlubricated outputs. These differences were sufficient enough to show discernable divisions in
the two conditions. To support this, the means and standard deviations for each test, while
showing some variations, were adequate to surmise that relationships could be identified
between the lubricated and unlubricated outputs.
Because these differences were discovered, the development of a prototype controller has
become feasible. Once developed, the controller must be tested and evaluated to determine if the
optimum and failure baselines identified can be carried across all forms of bearings and if not
what changes can be made to uses the developed product.
The development and construction of the prototype controller will lead to future studies
to help determine if the use of one common controller can be made feasible in an industrial
environment.
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APPENDICES
APPENDIX A: Lubricated Condition Test Data
Test 1
Test Stand 1
Test Subject 1
Condition Lubricated
Lubrication Oil
Duration 240 seconds (4 minutes)
Sampling Rate .5 seconds
Sensor Output (mA)
Mean 9.133852495
Standard Error 0.010672797
Median 9.10307
Mode 9.08805
Standard Deviation 0.234072711
Sample Variance 0.054790034
Kurtosis 34.44391229
Skewness 5.063753508
Range 2.17617
Minimum 8.81083
Maximum 10.987
Sum 4393.38305
Count 481
Confidence Level(95.0%) 0.020971169
Sensor Output (mA)
0.00
2.00
4.00
6.00
8.00
10.00
12.00
1 36 71 10
6
14
1
17
6
21
1
24
6
28
1
31
6
35
1
38
6
42
1
45
6
Observation
O
u
tp
u
t (m
A)
Sensor Output (mA)
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Test 2
Test Stand 1
Test Subject 2
Condition Lubricated
Lubrication Grease
Duration 240 seconds (4 minutes)
Sampling Rate .5 seconds
Sensor Output (mA)
Mean 8.811148254
Standard Error 0.004748308
Median 8.80994
Mode 8.7262
Standard Deviation 0.104138533
Sample Variance 0.010844834
Kurtosis -0.158301809
Skewness 0.003792419
Range 0.57907
Minimum 8.5176
Maximum 9.09667
Sum 4238.16231
Count 481
Confidence Level(95.0%) 0.009330036
Sensor Output (mA)
8.20
8.40
8.60
8.80
9.00
9.20
1 33 65 97 12
9
16
1
19
3
22
5
25
7
28
9
32
1
35
3
38
5
41
7
44
9
48
1
Observation
O
u
tp
u
t (m
A)
Sensor Output (mA)
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Test 7
Test Stand 1
Test Subject 3
Condition Lubricated
Lubrication Oil
Duration 240 seconds (4 minutes)
Sampling Rate .5 seconds
Sensor Output (mA)
Mean 9.907642703
Standard Error 0.004194033
Median 9.9035
Mode 9.8697
Standard Deviation 0.091982331
Sample Variance 0.008460749
Kurtosis 4.60983398
Skewness 1.070385731
Range 0.74459
Minimum 9.6911
Maximum 10.43569
Sum 4765.57614
Count 481
Confidence Level(95.0%) 0.008240931
Sensor Output (mA)
9.20
9.40
9.60
9.80
10.00
10.20
10.40
10.60
1 36 71 10
6
14
1
17
6
21
1
24
6
28
1
31
6
35
1
38
6
42
1
45
6
Observation
O
u
tp
u
t (m
A)
Sensor Output (mA)
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Test 8
Test Stand 1
Test Subject 4
Condition Lubricated
Lubrication Grease
Duration 240 seconds (4 minutes)
Sampling Rate .5 seconds
Sensor Output (mA)
Mean 9.721518919
Standard Error 0.004626728
Median 9.7144
Mode 9.725
Standard Deviation 0.101472066
Sample Variance 0.01029658
Kurtosis -0.013531654
Skewness 0.105731926
Range 0.5888
Minimum 9.4284
Maximum 10.0172
Sum 4676.0506
Count 481
Confidence Level(95.0%) 0.00909114
Sensor Output (mA)
9.00
9.20
9.40
9.60
9.80
10.00
10.20
1 34 67 10
0
13
3
16
6
19
9
23
2
26
5
29
8
33
1
36
4
39
7
43
0
46
3
Observation
O
u
tp
u
t (m
A)
Sensor Output (mA)
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Test 13
Test Stand 2
Test Subject 5
Condition Lubricated
Lubrication Oil
Duration 240 seconds (4 minutes)
Sampling Rate .5 seconds
Sensor Output (mA)
Mean 7.222628254
Standard Error 0.005347942
Median 7.21216
Mode 7.26774
Standard Deviation 0.117289525
Sample Variance 0.013756833
Kurtosis 46.76337147
Skewness 6.034661521
Range 1.26855
Minimum 7.03272
Maximum 8.30127
Sum 3474.08419
Count 481
Confidence Level(95.0%) 0.010508267
Sensor Output (mA)
6.00
6.50
7.00
7.50
8.00
8.50
1 34 67 10
0
13
3
16
6
19
9
23
2
26
5
29
8
33
1
36
4
39
7
43
0
46
3
Observation
O
u
tp
u
t (m
A)
Sensor Output (mA)
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Test 14
Test Stand 2
Test Subject 6
Condition Lubricated
Lubrication Grease
Duration 240 seconds (4 minutes)
Sampling Rate .5 seconds
Sensor Output (mA)
Mean 7.010465946
Standard Error 0.00312333
Median 7.00981
Mode 7.00603
Standard Deviation 0.068499964
Sample Variance 0.004692245
Kurtosis 0.101960238
Skewness -0.008968623
Range 0.45307
Minimum 6.80322
Maximum 7.25629
Sum 3372.03412
Count 481
Confidence Level(95.0%) 0.006137086
Sensor Output (mA)
6.40
6.60
6.80
7.00
7.20
7.40
1 34 67 10
0
13
3
16
6
19
9
23
2
26
5
29
8
33
1
36
4
39
7
43
0
46
3
Observation
O
u
tp
u
t (m
A)
Sensor Output (mA)
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Test 19
Test Stand 2
Test Subject 7
Condition Lubricated
Lubrication Oil
Duration 240 seconds (4 minutes)
Sampling Rate .5 seconds
Sensor Output (mA)
Mean 8.50624027
Standard Error 0.003336567
Median 8.5049
Mode 8.55305
Standard Deviation 0.073176631
Sample Variance 0.005354819
Kurtosis 0.300945254
Skewness 0.167526701
Range 0.47357
Minimum 8.30896
Maximum 8.78253
Sum 4091.50157
Count 481
Confidence Level(95.0%) 0.00655608
Sensor Output (mA)
8.00
8.20
8.40
8.60
8.80
9.00
1 36 71 10
6
14
1
17
6
21
1
24
6
28
1
31
6
35
1
38
6
42
1
45
6
Observation
O
u
tp
u
t (m
A)
Sensor Output (mA)
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Test 20
Test Stand 2
Test Subject 8
Condition Lubricated
Lubrication Grease
Duration 240 seconds (4 minutes)
Sampling Rate .5 seconds
Sensor Output (mA)
Mean 8.429475738
Standard Error 0.002945775
Median 8.43483
Mode 8.34928
Standard Deviation 0.06460588
Sample Variance 0.00417392
Kurtosis 0.024957612
Skewness -0.10697633
Range 0.36595
Minimum 8.2459
Maximum 8.61185
Sum 4054.57783
Count 481
Confidence Level(95.0%) 0.005788205
Sensor Output (mA)
8.00
8.10
8.20
8.30
8.40
8.50
8.60
8.70
1 33 65 97 12
9
16
1
19
3
22
5
25
7
28
9
32
1
35
3
38
5
41
7
44
9
48
1
Observation
O
u
tp
u
t (m
A)
Sensor Output (mA)
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Test 25
Test Stand 3
Test Subject 9
Condition Lubricated
Lubrication Oil
Duration 240 seconds (4 minutes)
Sampling Rate .5 seconds
Sensor Output (mA)
Mean 8.890072141
Standard Error 0.004651437
Median 8.88615
Mode 8.84667
Standard Deviation 0.102013983
Sample Variance 0.010406853
Kurtosis 1.057395012
Skewness 0.220908954
Range 0.87312
Minimum 8.50189
Maximum 9.37501
Sum 4276.1247
Count 481
Confidence Level(95.0%) 0.009139692
Sensor Output (mA)
8.00
8.50
9.00
9.50
1 34 67 10
0
13
3
16
6
19
9
23
2
26
5
29
8
33
1
36
4
39
7
43
0
46
3
Observation
O
u
tp
u
t (m
A)
Sensor Output (mA)
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Test 26
Test Stand 3
Test Subject 10
Condition Lubricated
Lubrication Grease
Duration 240 seconds (4 minutes)
Sampling Rate .5 seconds
Sensor Output (mA)
Mean 9.23165526
Standard Error 0.003524987
Median 9.23247
Mode 9.23742
Standard Deviation 0.077309
Sample Variance 0.005976681
Kurtosis -0.034554705
Skewness -0.046828466
Range 0.44935
Minimum 8.98996
Maximum 9.43931
Sum 4440.42618
Count 481
Confidence Level(95.0%) 0.00692631
Sensor Output (mA)
8.60
8.80
9.00
9.20
9.40
9.60
1 34 67 10
0
13
3
16
6
19
9
23
2
26
5
29
8
33
1
36
4
39
7
43
0
46
3
Observation
O
u
tp
u
t (m
A)
Sensor Output (mA)
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APPENDIX B: Factory Environment Condition Test Data
Test 31
Test Stand 2
Test Subject 5
Condition Factory Location 1 - Lubricated
Lubrication Oil
Duration 240 seconds (4 minutes)
Sampling Rate .5 seconds
Sensor Output (mA)
Mean 7.919803742
Standard Error 0.009364781
Median 7.92158
Mode 8.08686
Standard Deviation 0.205385683
Sample Variance 0.042183279
Kurtosis 0.144886216
Skewness 0.130985328
Range 1.2669
Minimum 7.2716
Maximum 8.5385
Sum 3809.4256
Count 481
Confidence Level(95.0%) 0.018401025
Sensor Output (mA)
6.50
7.00
7.50
8.00
8.50
9.00
1 55 10
9
16
3
21
7
27
1
32
5
37
9
43
3
Time (sec) 
O
u
tp
u
t (m
A)
Sensor Output
(mA)
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Test 32
Test Stand 2
Test Subject 5
Condition Factory Location 2 - Lubricated
Lubrication Oil
Duration 240 seconds (4 minutes)
Sampling Rate .5 seconds
Sensor Output (mA)
Mean 8.009807339
Standard Error 0.009085126
Median 8.00289
Mode #N/A
Standard Deviation 0.19925236
Sample Variance 0.039701503
Kurtosis 0.185187875
Skewness -0.082109028
Range 1.28768
Minimum 7.31718
Maximum 8.60486
Sum 3852.71733
Count 481
Confidence Level(95.0%) 0.017851525
Sensor Output (mA)
6.50
7.00
7.50
8.00
8.50
9.00
1 55 10
9
16
3
21
7
27
1
32
5
37
9
43
3
Time (sec) 
O
u
tp
u
t (m
A)
Sensor Output
(mA)
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APPENDIX C: Lubricated to Unlubricated Condition Test Data
Test 3
Test Stand 1
Test Subject 1
Condition Lubricated to Non-Lubricated
Lubrication Oil
Duration 360 seconds (6 minutes)
4 mins Lubricated
2 mins Non-lubricated
Sampling Rate .5 seconds
Lubricated
Sensor Output (mA)
Mean 9.108194331
Standard Error 0.014154981
Median 9.1162
Mode 9.3113
Standard Deviation 0.2972546
Sample Variance 0.088360297
Kurtosis 0.23418808
Skewness 0.011444726
Range 2.1918
Minimum 8.0496
Maximum 10.2414
Sum 4016.7137
Count 441
Confidence Level(95.0%) 0.027819811
Sensor Output (mA)
0.00
5.00
10.00
15.00
20.00
1 55 10
9
16
3
21
7
27
1
32
5
37
9
43
3
48
7
54
1
59
5
64
9
70
3
Observation
O
u
tp
u
t (m
A)
Sensor Output (mA)
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Test 3
Test Stand 1
Test Subject 1
Condition Lubricated to Non-Lubricated
Lubrication Oil
Duration 360 seconds (6 minutes)
4 mins Lubricated
2 mins Non-lubricated
Sampling Rate .5 seconds
Unlubricated
Sensor Output (mA)
Mean 16.25634921
Standard Error 0.035707783
Median 16.2279
Mode #N/A
Standard Deviation 0.493491385
Sample Variance 0.243533747
Kurtosis -0.170588937
Skewness -0.027779218
Range 2.6177
Minimum 15.0082
Maximum 17.6259
Sum 3104.9627
Count 191
Confidence Level(95.0%) 0.070434685
Sensor Output (mA)
0.00
5.00
10.00
15.00
20.00
1 55 10
9
16
3
21
7
27
1
32
5
37
9
43
3
48
7
54
1
59
5
64
9
70
3
Observation
O
u
tp
u
t (m
A)
Sensor Output (mA)
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Test 4
Test Stand 1
Test Subject 2
Condition Lubricated to Non-Lubricated
Lubrication Grease
Duration 360 seconds (6 minutes)
4 mins Lubricated
2 mins Non-lubricated
Sampling Rate .5 seconds
Lubricated
Sensor Output (mA)
Mean 8.970002494
Standard Error 0.017163926
Median 8.9361
Mode 8.9227
Standard Deviation 0.360442442
Sample Variance 0.129918754
Kurtosis -0.086446837
Skewness 0.060939127
Range 2.0931
Minimum 7.9951
Maximum 10.0882
Sum 3955.7711
Count 441
Confidence Level(95.0%) 0.033733509
Sensor Output (mA)
0.00
5.00
10.00
15.00
20.00
1 42 83 12
4
16
5
20
6
24
7
28
8
32
9
37
0
41
1
45
2
49
3
53
4
57
5
61
6
65
7
69
8
Observation
O
u
tp
u
t (m
A)
Sensor Output (mA)
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Test 4
Test Stand 1
Test Subject 2
Condition Lubricated to Non-Lubricated
Lubrication Grease
Duration 360 seconds (6 minutes)
4 mins Lubricated
2 mins Non-lubricated
Sampling Rate .5 seconds
Unlubricated
Sensor Output (mA)
Mean 16.30125079
Standard Error 0.046834816
Median 16.3066
Mode #N/A
Standard Deviation 0.647270039
Sample Variance 0.418958503
Kurtosis -0.047136714
Skewness 0.032361488
Range 3.4205
Minimum 14.7669
Maximum 18.1874
Sum 3113.5389
Count 191
Confidence Level(95.0%) 0.092383094
Sensor Output (mA)
0.00
5.00
10.00
15.00
20.00
1 42 83 12
4
16
5
20
6
24
7
28
8
32
9
37
0
41
1
45
2
49
3
53
4
57
5
61
6
65
7
69
8
Observation
O
u
tp
u
t (m
A)
Sensor Output (mA)
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Test 9
Test Stand 1
Test Subject 3
Condition Lubricated to Non-Lubricated
Lubrication Oil
Duration 360 seconds (6 minutes)
4 mins Lubricated
2 mins Non-lubricated
Sampling Rate .5 seconds
Lubricated
Sensor Output (mA)
Mean 9.70463424
Standard Error 0.019961066
Median 9.6975
Mode 9.6698
Standard Deviation 0.419182389
Sample Variance 0.175713875
Kurtosis -0.110138443
Skewness -0.065351282
Range 2.4072
Minimum 8.4983
Maximum 10.9055
Sum 4279.7437
Count 441
Confidence Level(95.0%) 0.039230932
Sensor Output (mA)
0.00
5.00
10.00
15.00
20.00
25.00
1 42 83 12
4
16
5
20
6
24
7
28
8
32
9
37
0
41
1
45
2
49
3
53
4
57
5
61
6
65
7
69
8
Observation
O
u
tp
u
t (m
A)
Sensor Output (mA)
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Test 9
Test Stand 1
Test Subject 3
Condition Lubricated to Non-Lubricated
Lubrication Oil
Duration 360 seconds (6 minutes)
4 mins Lubricated
2 mins Non-lubricated
Sampling Rate .5 seconds
Unlubricated
Sensor Output (mA)
Mean 17.43558901
Standard Error 0.064502845
Median 17.3348
Mode 16.8792
Standard Deviation 0.891447059
Sample Variance 0.794677859
Kurtosis 0.014293781
Skewness 0.23705318
Range 4.6461
Minimum 15.3593
Maximum 20.0054
Sum 3330.1975
Count 191
Confidence Level(95.0%) 0.127233817
Sensor Output (mA)
0.00
5.00
10.00
15.00
20.00
25.00
1 42 83 12
4
16
5
20
6
24
7
28
8
32
9
37
0
41
1
45
2
49
3
53
4
57
5
61
6
65
7
69
8
Observation
O
u
tp
u
t (m
A)
Sensor Output (mA)
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Test 10
Test Stand 1
Test Subject 4
Condition Lubricated to Non-Lubricated
Lubrication Grease
Duration 360 seconds (6 minutes)
4 mins Lubricated
2 mins Non-lubricated
Sampling Rate .5 seconds
Lubricated
Sensor Output (mA)
Mean 9.758036281
Standard Error 0.014546058
Median 9.7754
Mode 9.8779
Standard Deviation 0.305467213
Sample Variance 0.093310218
Kurtosis 0.179176988
Skewness -0.007296251
Range 2.0041
Minimum 8.85
Maximum 10.8541
Sum 4303.294
Count 441
Confidence Level(95.0%) 0.028588423
Sensor Output (mA)
0.00
5.00
10.00
15.00
20.00
1 43 85 12
7
16
9
21
1
25
3
29
5
33
7
37
9
42
1
46
3
50
5
54
7
58
9
63
1
67
3
71
5
Observation
O
u
tp
u
t (
m
A)
Sensor Output (mA)
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Test 10
Test Stand 1
Test Subject 4
Condition Lubricated to Non-Lubricated
Lubrication Grease
Duration 360 seconds (6 minutes)
4 mins Lubricated
2 mins Non-lubricated
Sampling Rate .5 seconds
Unlubricated
Sensor Output (mA)
Mean 16.89147173
Standard Error 0.045401376
Median 16.8673
Mode #N/A
Standard Deviation 0.627459504
Sample Variance 0.39370543
Kurtosis 0.123720725
Skewness -0.14075558
Range 3.535
Minimum 14.996
Maximum 18.531
Sum 3226.2711
Count 191
Confidence Level(95.0%) 0.08955559
Sensor Output (mA)
0.00
5.00
10.00
15.00
20.00
1 42 83 12
4
16
5
20
6
24
7
28
8
32
9
37
0
41
1
45
2
49
3
53
4
57
5
61
6
65
7
69
8
Observation
O
u
tp
u
t (
m
A)
Sensor Output (mA)
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Test 15
Test Stand 2
Test Subject 5
Condition Lubricated to Non-Lubricated
Lubrication Oil
Duration 360 seconds (6 minutes)
4 mins Lubricated
2 mins Non-lubricated
Sampling Rate .5 seconds
Lubricated
Sensor Output (mA)
Mean 8.014939025
Standard Error 0.018610576
Median 8.03412
Mode 7.85522
Standard Deviation 0.390822102
Sample Variance 0.152741916
Kurtosis -0.155234342
Skewness 0.063208954
Range 2.0547
Minimum 7.07642
Maximum 9.13112
Sum 3534.58811
Count 441
Confidence Level(95.0%) 0.036576716
Sensor Output (mA)
0.00
2.00
4.00
6.00
8.00
10.00
12.00
14.00
16.00
18.00
1 69 13
7
20
5
27
3
34
1
40
9
47
7
54
5
61
3
68
1
Time (sec)
O
u
tp
u
t (
m
A
)
Sensor Output (mA)
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Test 15
Test Stand 2
Test Subject 5
Condition Lubricated to Non-Lubricated
Lubrication Oil
Duration 360 seconds (6 minutes)
4 mins Lubricated
2 mins Non-lubricated
Sampling Rate .5 seconds
Unlubricated
Sensor Output (mA)
Mean 14.34705288
Standard Error 0.047592741
Median 14.3233
Mode 14.4389
Standard Deviation 0.65774476
Sample Variance 0.43262817
Kurtosis -0.020493487
Skewness 0.013060181
Range 3.3303
Minimum 12.6517
Maximum 15.982
Sum 2740.2871
Count 191
Confidence Level(95.0%) 0.093878123
Sensor Output (mA)
0.00
2.00
4.00
6.00
8.00
10.00
12.00
14.00
16.00
18.00
1 69 13
7
20
5
27
3
34
1
40
9
47
7
54
5
61
3
68
1
Time (sec)
O
u
tp
u
t (
m
A
)
Sensor Output (mA)
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Test 16
Test Stand 2
Test Subject 6
Condition Lubricated to Non-Lubricated
Lubrication Grease
Duration 360 seconds (6 minutes)
4 mins Lubricated
2 mins Non-lubricated
Sampling Rate .5 seconds
Lubricated
Sensor Output (mA)
Mean 7.301832381
Standard Error 0.017699503
Median 7.29789
Mode 7.48122
Standard Deviation 0.371689555
Sample Variance 0.138153126
Kurtosis 0.139073869
Skewness 0.078230746
Range 2.31301
Minimum 6.22687
Maximum 8.53988
Sum 3220.10808
Count 441
Confidence Level(95.0%) 0.034786117
Sensor Output (mA)
0.00
2.00
4.00
6.00
8.00
10.00
12.00
14.00
16.00
1 69 13
7
20
5
27
3
34
1
40
9
47
7
54
5
61
3
68
1
Time (sec)
O
u
tp
u
t (m
A)
Sensor Output (mA)
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Test 16
Test Stand 2
Test Subject 6
Condition Lubricated to Non-Lubricated
Lubrication Grease
Duration 360 seconds (6 minutes)
4 mins Lubricated
2 mins Non-lubricated
Sampling Rate .5 seconds
Unlubricated
Sensor Output (mA)
Mean 13.83033403
Standard Error 0.036496304
Median 13.8434
Mode #N/A
Standard Deviation 0.504388958
Sample Variance 0.254408221
Kurtosis -0.058041078
Skewness -0.029005289
Range 2.8382
Minimum 12.398
Maximum 15.2362
Sum 2641.5938
Count 191
Confidence Level(95.0%) 0.071990066
Sensor Output (mA)
0.00
2.00
4.00
6.00
8.00
10.00
12.00
14.00
16.00
1 69 13
7
20
5
27
3
34
1
40
9
47
7
54
5
61
3
68
1
Time (sec)
O
u
tp
u
t (m
A)
Sensor Output (mA)
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Test 21
Test Stand 2
Test Subject 7
Condition Lubricated to Non-Lubricated
Lubrication Oil
Duration 360 seconds (6 minutes)
4 mins Lubricated
2 mins Non-lubricated
Sampling Rate .5 seconds
Lubricated
Sensor Output (mA)
Mean 7.985390816
Standard Error 0.021513807
Median 7.98699
Mode 7.76072
Standard Deviation 0.451789941
Sample Variance 0.204114151
Kurtosis -0.015587033
Skewness 0.193093728
Range 2.6463
Minimum 6.7532
Maximum 9.3995
Sum 3521.55735
Count 441
Confidence Level(95.0%) 0.042282646
Sensor Output (mA)
0.00
2.00
4.00
6.00
8.00
10.00
12.00
14.00
16.00
18.00
1 68 13
5
20
2
26
9
33
6
40
3
47
0
53
7
60
4
67
1
Time (sec)
O
u
tp
u
t (m
A)
Sensor Output (mA)
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Test 21
Test Stand 2
Test Subject 7
Condition Lubricated to Non-Lubricated
Lubrication Oil
Duration 360 seconds (6 minutes)
4 mins Lubricated
2 mins Non-lubricated
Sampling Rate .5 seconds
Unlubricated
Sensor Output (mA)
Mean 14.48124398
Standard Error 0.04656053
Median 14.4247
Mode #N/A
Standard Deviation 0.643479324
Sample Variance 0.41406564
Kurtosis -0.218419515
Skewness 0.19504931
Range 3.2353
Minimum 12.9104
Maximum 16.1457
Sum 2765.9176
Count 191
Confidence Level(95.0%) 0.091842056
Sensor Output (mA)
0.00
2.00
4.00
6.00
8.00
10.00
12.00
14.00
16.00
18.00
1 68 13
5
20
2
26
9
33
6
40
3
47
0
53
7
60
4
67
1
Time (sec)
O
u
tp
u
t (m
A)
Sensor Output (mA)
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Test 22
Test Stand 2
Test Subject 8
Condition Lubricated to Non-Lubricated
Lubrication Grease
Duration 360 seconds (6 minutes)
4 mins Lubricated
2 mins Non-lubricated
Sampling Rate .5 seconds
Lubricated
Sensor Output (mA)
Mean 8.104818526
Standard Error 0.021556937
Median 8.07972
Mode #N/A
Standard Deviation 0.452695669
Sample Variance 0.204933368
Kurtosis -0.22112031
Skewness 0.204212275
Range 2.53687
Minimum 6.98834
Maximum 9.52521
Sum 3574.22497
Count 441
Confidence Level(95.0%) 0.042367412
Sensor Output (mA)
0.00
5.00
10.00
15.00
20.00
1 86 17
1
25
6
34
1
42
6
51
1
59
6
68
1
Time (sec)
O
u
tp
u
t (m
A)
Sensor Output
(mA)
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Test 22
Test Stand 2
Test Subject 8
Condition Lubricated to Non-Lubricated
Lubrication Grease
Duration 360 seconds (6 minutes)
4 mins Lubricated
2 mins Non-lubricated
Sampling Rate .5 seconds
Unlubricated
Sensor Output (mA)
Mean 13.95704555
Standard Error 0.051810024
Median 13.974
Mode 14.3854
Standard Deviation 0.71602878
Sample Variance 0.512697214
Kurtosis -0.249717592
Skewness 0.001065122
Range 3.9461
Minimum 12.0482
Maximum 15.9943
Sum 2665.7957
Count 191
Confidence Level(95.0%) 0.102196842
Sensor Output (mA)
0.00
5.00
10.00
15.00
20.00
1 86 17
1
25
6
34
1
42
6
51
1
59
6
68
1
Time (sec)
O
u
tp
u
t (m
A)
Sensor Output
(mA)
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Test 27
Test Stand 3
Test Subject 9
Condition Lubricated to Non-Lubricated
Lubrication Oil
Duration 360 seconds (6 minutes)
4 mins Lubricated
2 mins Non-lubricated
Sampling Rate .5 seconds
Lubricated
Sensor Output (mA)
Mean 9.126901587
Standard Error 0.022577253
Median 9.1191
Mode 9.2293
Standard Deviation 0.474122308
Sample Variance 0.224791963
Kurtosis 0.151957482
Skewness -0.022135504
Range 2.9757
Minimum 7.6864
Maximum 10.6621
Sum 4024.9636
Count 441
Confidence Level(95.0%) 0.044372713
Sensor Output (mA)
0.00
5.00
10.00
15.00
20.00
1 84 16
7
25
0
33
3
41
6
49
9
58
2
66
5
Time (sec)
O
u
tp
u
t (m
A)
Sensor Output
(mA)
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Test 27
Test Stand 3
Test Subject 9
Condition Lubricated to Non-Lubricated
Lubrication Oil
Duration 360 seconds (6 minutes)
4 mins Lubricated
2 mins Non-lubricated
Sampling Rate .5 seconds
Unlubricated
Sensor Output (mA)
Mean 15.63670524
Standard Error 0.051825651
Median 15.6258
Mode 16.3574
Standard Deviation 0.71624475
Sample Variance 0.513006542
Kurtosis 0.035478086
Skewness 0.321361546
Range 3.7726
Minimum 14.0671
Maximum 17.8397
Sum 2986.6107
Count 191
Confidence Level(95.0%) 0.102227667
Sensor Output (mA)
0.00
5.00
10.00
15.00
20.00
1 83 16
5
24
7
32
9
41
1
49
3
57
5
65
7
Time (sec)
O
u
tp
u
t (m
A)
Sensor Output
(mA)
97
Test 28
Test Stand 3
Test Subject 10
Condition Lubricated to Non-Lubricated
Lubrication Grease
Duration 360 seconds (6 minutes)
4 mins Lubricated
2 mins Non-lubricated
Sampling Rate .5 seconds
Lubricated
Sensor Output (mA)
Mean 8.842537234
Standard Error 0.013922721
Median 8.82435
Mode 8.96903
Standard Deviation 0.292377133
Sample Variance 0.085484388
Kurtosis 0.09056386
Skewness 0.044757883
Range 1.98548
Minimum 7.7722
Maximum 9.75768
Sum 3899.55892
Count 441
Confidence Level(95.0%) 0.027363333
Sensor Output (mA)
0.00
5.00
10.00
15.00
20.00
1 82 16
3
24
4
32
5
40
6
48
7
56
8
64
9
Time (sec)
O
u
tp
u
t (m
A)
Sensor Output
(mA)
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Test 28
Test Stand 3
Test Subject 10
Condition Lubricated to Non-Lubricated
Lubrication Grease
Duration 360 seconds (6 minutes)
4 mins Lubricated
2 mins Non-lubricated
Sampling Rate .5 seconds
Unlubricated
Sensor Output (mA)
Mean 14.85417435
Standard Error 0.063103869
Median 14.9731
Mode #N/A
Standard Deviation 0.872112826
Sample Variance 0.760580781
Kurtosis 1.199575747
Skewness -0.785074171
Range 5.1428
Minimum 11.8274
Maximum 16.9702
Sum 2837.1473
Count 191
Confidence Level(95.0%) 0.124474294
Sensor Output (mA)
0.00
5.00
10.00
15.00
20.00
1 82 16
3
24
4
32
5
40
6
48
7
56
8
64
9
Time (sec)
O
u
tp
u
t (m
A)
Sensor Output
(mA)
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